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Recently a new -quantum motivated- theory of gravity has been proposed that modifies 
the standard Newtonian potential at large distances when spherical symmetry is considered. 
Accordingly, Newtonian gravity is altered by adding an extra Rindler acceleration term that 
has to be -phcnomcnologically- determined. Here we consider a standard and a power- 
law generalization of the Rindler modified Newtonian potential. The new terms in the 
gravitational potential are hypothesized to play the role of dark matter in galaxies. Our 
galactic model includes the mass of the integrated gas, and stars for which we consider three 
stellar mass functions (Kroupa, diet-Salpeter, and free mass model). We test this idea by 
fitting rotation curves of seventeen Low Surface Brightness (LSB) galaxies from The HI 
Nearby Galaxy Survey (THINGS). We find that the Rindler parameters do not perform a 
suitable fit to the rotation curves in comparison to standard dark matter profiles (NFW 
and Burkcrt) and, in addition, the computed parameters of the Rindler gravity show a high 
spread, posing the model as a non-acceptable alternative to dark matter. 



PACS numbers: 98. 62. Dm, 95.30.Cq, 98.62. Gq 
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I. INTRODUCTION 



The standard model of cosmology predicts large amounts of dark matter and dark energy that are 
consistent with data of several cosmological and astrophysical probes, see e.g. Ref. [l|,3. However, 
up to date there is no direct evidence that the energy density of dark matter or dark energy is 
given by particles, and dark energy is difficult to accommodate within the present understanding of 
quantum field theory. Therefore, alternatives to both dark matter and dark energy are abundant 
in the literature, see Ref. 0] for current approaches. 

Recently a new -quantum motivated- theory of gravity has been proposed that modifies the 
standard Newtonian potential at large distances when spherical symmetry is considered 0]. The 
formalism incorporates a Rindler acceleration term that could serve to explain the galactic dynamics 
without the presence of a dark matter halo 0]. This seems plausible since a rough estimate of the 
Rindler acceleration is of the order ~ 10~^cm/s^, a value similar to MOND's acceleration that 
has been proven to successfully explain rotation curves without a dark matter halo 0-0]; other 
applications to this model have been computed elsewhere [s-lS]. The aim of the present work is 



to test this idea when applied to rotation curves of spirals. To perform this task, we use The HI 
Nearby Galaxy Survey (THINGS), which collects high spectral resolution data revealing extended 



measurements of gas rotation velocities and circular baryonic matter trajectories uM- Given these 
properties it is adequate to test the new gravity model with THINGS, which has been used to test 
different core/cusp mass profiles. For disk-dominated galaxies the core and cusp profiles fit equally 
well, however for LSB galaxies there is a clear preference for core profiles over the cuspy models 
Iql . Analysis of different high resolution datasets have confirmed this tendency in past recent years 



201 ]. In this work, we present a study of the rotation curves using the new gravity model, taking 
into account the contribution from gas and the three stellar disk models (Kroupa, diet-Salpeter, 
free mass). By fitting the models to the data we find that although the fits are achievable for the 
considered galaxies, in many cases they show high Xred values, and a high spread in the Rindler 
parameters (a, n). Furthermore, the standard dark matter pro files (NFW and Burkert) do a better 



job in the fittings to rotation curves. A very recent work [21[ considers the same problem and it 
uses the same eight (of our seventeen) galaxies for the standard Rindler model (n = 1), concluding 
that for six galaxies their results tend to converge to a single Rindler acceleration parameter. In 
our case, we observe this evidence too but when one takes into account more galaxies or other 
stellar galactic models their conclusions do not hold. 

This work is organized as follows: In Sec. [H] we review the basic concepts of galactic dynamics 
when applied to the Rindler acceleration as implied from Ref. 0]. In Sec. IIIII we describe the 
THINGS galactic sample and in Sec. IIVI explain how the gas is treated and the stellar mass models 
considered, implying different galactic models. Then in Sec. |V]we analyze the results yielded from 
the minimization procedure as best fits of the different models. Finally, the conclusions are drawn 
in Sec. |VD 
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II. MODIFIED GRAVITY AT LARGE DISTANCES 



In Grumiller's approach 
turn contribution, is: 



where x,- 



the effective potential of a point mass {Mi), without angular momen- 



-G \-axi, 



(1) 



r^'l, r is an arbitrary point, r' are the particle coordinates, and a is a 
universal constant, the Rindler acceleration. 

For a smooth matter distribution with spherical symmetry one has: 

p{rl 



-G 



^ d rl + a\r\, 



rl 



where p{r) is the density profile at radius r. The corresponding rotation velocity yields 

v^(r) = v'^{r)+VR{r), 



(2) 



(3) 



where the subindex "N" stands for the Newtonian contribution and the Rindler circular velocity 
is given by 



v\{r) =a\r\. 



(4) 



A similar approach to Ec 
gravity theory; see Refs. 
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(3) was presented in Ref. TM to fit rotation curves within a conformal 



24 1 for further developments of this model. As emphasized in Ref. , 
the Rindler term constitutes a rough model which casts doubts on the description of rotation curves 
with such a linear growing of the velocity with the radius. It was therefore suggested to consider 
some kind of r-dependent term in the acceleration to test a more general Rindler hypothesis. 
Accordingly, we will assume below a power-law dependence. 

The main luminous components in a typical spiral galaxy are gas, stars, and a bulge, which are 
orbiting around the galactic center, and normally a dark matter halo is assumed to account for 
the high speed of the rotation curves. In the model used in the present work there exists no dark 
matter, but instead we use a Rindler term to explain the velocity distribution of stars and gas. 
Accordingly, the model developed here considers spherical symmetry and physical quantities will 
be independent of the polar angle. Therefore, the Newtonian contribution from stars (*) and gas 
{G) can be th oug ht as given by a spherized disk. The contribution from stars is then given the 
Freeman-disk 25|, l26|] : 



(5) 



where is the mass of the disk and its radius. Thus, the rotation curve contribution from 
stars with a standard Newtonian dynamics, yields 27| | 
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(6) 



where the functions I and K are the modified Bessel functions; more details on the treatment 
of stars are given in Sec. IIV A[ On the other hand, the gas contribution {vq) is computed by 
integrating its surface brightness as in standard Newtonian lore, as we will explain in Sec. IIVBI 
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Bringing together all contributions to the total (T) rotation curve and including a generalized 
Rindler (GR) term, 



(7) 



where is the mass-to-light ratio and 



vlnir) = a\fT. (8) 

The case n = 1 is the original model of modified gravity at large distances 0], as in Eqs. ([21 [3]). 
The new free parameters of the model of galactic rotation curves are a and n, and they have to be 
determined by observations, instead of the two free parameters of the standard cold dark matter 
galactic profile, such as in Navarro- Frenk- White (NFW) 28|, |29|, or alternative the Burkert j30l ]. 
pseudo-isothermal, or Bound Dark Matter (BDM) 3l[ profiles; for a comparison of these profiles 



see Refs. |32l. l33l|. To extract information for the Rindler parameters, as an input we will need the 
total, observational rotation curve, vt, the rotation curve of the stellar component, u*, and the gas 
component vq- Following, we describe the observational data used and the models behind each 
component. 



III. THE THINGS GALACTIC SAMPLE 



We make use of the HI data provided by THINGS, which possess hi gh resolution velocity fields 
of rotation curves that are ideal to test new dark matter profiles [3^, l33|] or, as it is our present 
case, to test new gravitational theories. THINGS galaxies have an observing data sample of 34 
nearby galaxies containing a large range of luminosities and Hubble types, but we limit our sample 
to 17 low luminous (early type and dwarf) galaxies with smooth, symmetric and extended to large 
radii rotation curves and small or none bulge, see Table HI These properties can provide a good 
estimate to alternative models because their underlying dynamics is believed to be dominated by 
dark matter -or new alternative approaches- over all other components at all radii. For technical 
details and systematic effects treatment of the observations of the THINGS sample refer to Refs. 
1351 ]. For a complete analysis of its rotation curves, see Ref. |15l. l33l|. 



In addition to the rotation curves extracted from THINGS data and we use the 3.6 /xm data from 
SINGS (Spitzer Infrared Nearby Galaxies Survey) [36(. We follow the analysis of Refs. 
the sample considered here. 
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37] for 



IV. TREATMENT OF GAS AND STARS 



Our galactic model include the two main observable components of a spiral galaxy: thin gaseous 
disk and a thick stellar disk. In most cases the stellar disk can be well described by a single expo- 
nential disk, given by Eq. ([5]) . When necessary, in a small number of galaxies we have considered 
an additional central component, a bulge, containing a small fraction of the total luminosity of the 
galaxy, as described by Ref. [15]. 

Following, we describe in more detail the treatment for the stellar component in Sec. IIV At as 
well for the gas component in Sec. IIVBI 
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THINGS DATA 



DIET-SALPETER KROUPA 



Galaxy Distance 


Rd 


logjQ Mstar 


logj^O Mstar 


(1) 


(2) 


(3) 


(4) 


(5) 


N 925 


9.2 


3.30 


10.01 


9.86 


N 2366 


3.4 


1.76 


8.41 


8.26 


N 2403 


3.2 


1.81 


9.67 


9.52 


N 2841 


14.1 


4.22 


11.04 


10.88 


N 2903 


8.9 


2.40 


10.15 


10.0 


N 2976 


3.6 


0.91 


9.25 


9.10 


N 3031 


3.6 


1.93 


10.84 


10.69 


N 3198 


13.8 


3.06 


10.45 


10.30 


N 3521 


10.7 


3.09 


11.09 


10.94 


N 3621 


6.6 


2.61 


10.29 


10.14 


N 4736 


4.7 


1.99 


10.27 


10.12 


N 5055 


10.1 


3.68 


11.09 


10.94 


N 6946 


5.9 


2.97 


10.77 


10.62 


N 7331 


14.7 


2.41 


11.22 


11.07 


N 7793 


3.9 


1.25 


9.44 


9.29 


I 2574 


4.0 


2.56 


9.02 


8.87 


D 154 


4.3 


0.72 


7.42 


7.27 



TABLE I: Sample of THINGS late-type and dwarf galaxies as presented in Walter et al Columns: (1) 
Galaxy's name. (2) Distance to the galaxy in Mpc. (3) Characteristic radius of the stellar disk in kpc as given in 
Ref. [151 ]. (4) Logarithm of the stellar mass disk when considering the diet-Salpeter IMF in solar masses (Mq), and 
(5) Logarithm of the stellar mass disk when considering the Kroupa IMF (Mq). 



A. Stellar Distribution 



To model the stellar disk when the is assumed to be constant at all radii, we use the approx- 
imation of a radial exponential profile of zero thickness, the Freeman disk j25l. l2a|. since the disk 
vertical scale height does not change appreciably with radius and the correction to the velocity 



is around 5% in most cases 138|]. Then, the central surface density is given by Eq. ([5]), where 
is the scale length of the disk and Eg = is the central surface density with units [Mqpc~'^]. 
These two parameters are obtained first by fitting the observed surface brightness profile, extracted 



from the SINGS images at the 3.6 fim band and synthesized by Ref. [15[, to the linear formula 
IJ.{R) = fJ-o + 1.0857 r /rd, where /iq is the central surface brightness given in observational units 
(mag arcsec"^), and hq and the surface brightness are related by a simple change of units. We get 
the surface density thanks to the mass-to- light ratio T^, the standard additional free parameter 
in the mass model, introduced because we generally can only measure the distribution of the light 
instead of the mass. Stellar disks sometimes show radial color gradients, and it is believed that 
this provides an indication of stellar population between the inner and outer regions of a galaxy 
and produce gradients between these two regions of the disk 39(]. We take the as a function 
of the radius in order to consider the different stars contribution as it depends on the region that 
we are analyzing. 

When we estimate the Rindler parameters {a,n), T^, is an important source of uncertainty, 
because these parameters are degenerate through Eq. ([7]). However, because stars have a major 
contribution near the center of the galaxy and the Rindler acceleration should contribute at large 
distance, we expect that does not significantly contribute to the uncertainties of the Rindler 
parameters. In the results section, we will show this is case for most of the galaxies. 
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The has been modeled, e.g. in Salpeter [40|, Kroupa [41[, and Bottema [44], but the precise 
value for an individual galaxy is not well known and depends on extinction, star formation history, 
Initial Mass Function (IMF), among others. Some assumptions have to be made respect to 
in order to reduce the number of free parameters in the model. In our case we studied three 
different models: i) we obtained from the galaxy colors as predicted by spectro-photometric 
models with Kroupa [41[ initial mass function (IMF) which is based on stellar population studies 
in the Milky Way and it yields low disk masses that minimizes the baryonic contribution; (ii) we 
determine through a diet-Salpeter [40(], in which stellar mass population syntheses have proved 



43l | to maximize the disk mass contribution; and iii) we assume the standard method in which the 



stellar is a model-independent free parameter. The resulting mass models reproduce well the 
rotation curves, and the Rindler parameters are derived within a reasonable uncertainty. 

In our fittings of Kroupa and diet-Salpeter models we considered radial color gradients, but for 
the free mass model we consider a T^, as an unkwnown, constant parameter to be determined. In 
all three models we took into account the bulge, when present, to contribute to the stellar disk. 

The contribution of the atomic gas is considered in all three stellar Kroupa, diet-Salpeter, and 
free mass models, and it is briefly described as follows. 



B. Neutral Gas Distribution 



For the gas we assumed an infinitely thin disk in order to compute the corresponding rotation 
curve. For more technical details we refer to Ref. [15[. We point out that the case of a disk with 
sufficient central depression in the mass distribution can yield a net force pointing outwards, and 
this generates an imaginary rotation velocity and therefore a negative Vq. An imaginary velocity 
is just a reflect of the effective force of a test particle caused by a nonspherical mass distribution 
with a depression mass in the center. We have not included the contribution of the molecular gas 
since its surface density is only a few percent of the that of the stars, therefore its contribution is 
reflected in a small increase in 44 1. 



V. RESULTS 



In order to constrain the Rindler modification of gravity we considered two scenarios. Firstly, we 
treated the original Rindler model with n = 1 and, secondly, the power-law dependence Rindler 
model, as suggested in Ref. 0], with two free parameters (a, n), as explained in Sec. [Ill For both 
cases we considered the Kroupa minimal disk and the diet-Salpeter maximum disk. In third place, 
we present the fittings for Rindler models with n = 1 and n 7^ 1 using the Free stellar mass 
function. 

We make use of the observed rotation curve, stellar, and gas components as an input for the 
numerical code, in order to obtain the Rindler parameters. To fit the observational velocity curve 
with the theoretical model we employ the goodness-of-fit test (x^ test), that tell us how "close" 
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are the theoretical to the observed values. In general the test statistics are of the form: 

2 _ ^^obs, - Vmodeuir,a,n) 

where a is the standard deviation, and n is the number of observations. One defines the reduced 
Xrcd = X^/(i^ ~ P ~ 1)) ill which n is the number of observations and p is the number of fitted 
parameters. 




A. Fitting the standard (n = 1) Rindler model with Kroupa and diet-Salpeter IMF 



We considered the original Rindler model with n = 1 and proceed to fit the parameter a for the 
Kroupa minimal disk and diet-Salpeter maximum disk with a test. When we minimize we 
use different methods (differential evolution, Nelder-Mead, and simulated annealing), to guarantee 
not to be in a local minimum. At the same time, we assume priors on the free parameter in order 
to have values greater than or equal to zero to obtain physical reasonable values. The results 
are presented in Table [III where the x^ed values are given. Notice that the different stellar mass 
models do not significantly change the determined value of the Rindler acceleration for most of the 
galaxies. The uncertainties in the rotation velocity are reflected in the uncertainties in the model 
parameters but in general these are small. One observes some spread in the values for a (in units 
of cm/s^), ranging from 0.93+|];54 for N 2366 to 9.57+[^:J]^ for N 2841 in Kroupa's model, to account 
for a difference of an order of magnitude, but the uncertainties are small and they do not account 
for such a difference. In addition to this discrepancy, the fits to some of the galaxies present very 
high Xred values, that speaks for a poor fitting. In the diet-Salpeter mass model, a varies in a 
similar fashion, given 0.621q}q for N 3031 and 7.79too6 for N 284, and again the goodness-of-fit 
test is not satisfactory for most of the galaxies. By comparing both fits, Kroupa did better in 9 
(out of 17) cases and diet-Salpeter in 8. None of the fits with n = 1 had a x^cd — ^• 



B. Fitting the power-law generalized Rindler model with Kroupa and diet-Salpeter IMF 

We now considered a Rindler model with power-law dependence, as suggested in Ref. Q], with 
two free parameters (a, n) and we used the same the stellar and gas models. The results are shown 
in Table Hill Now, the values of a are given in the units ( s^^e" ) consistency with the given n 
values; one could extract an acceleration parameter here if one defines ar^ = a^cwr {r /r^cw)"'~^ , 
but we would only add an extra parameter (r^ew) that is completely degenerated with cine^. 

The results of the fittings show a broader spread in the a values. Again, the different stellar mass 
models do not significantly change the determined value of the Rindler acceleration or power-law 
exponent for most of the galaxies. By considering the Kroupa model one has a = rrMtl^^t, for 
IC2574, and a = 32294.30l^|^:;j? for N 2903, accounting for two orders of magnitude in difference. 
For this IMF model, the variation on n ranges from values less than 0.002 for N 4736 to 2.14^'^Qg^l for 
N 2976, that yields a three orders of magnitude difference. Furthermore, the overall fitting results 
are again not quite satisfactory since some Xred values are high. The analysis of the diet-Salpeter 
mass model shows a similar behaviour: the "acceleration" parameter ranges from 2.12]']q'|2 for N 
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Rindlcr n = 1 



Galaxy 


a 




«[^] 
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2 

red 


a 
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2 

red 


D 154 


358.4511.1^ 


1 


-if;+0.02 
^"-0.02 


2 


10 


355.641^:1^ 


1 


1 r+0.02 

^"J-0.02 


2 


03 


I 2574 


297.351^^7 





^"-0.02 


4 


74 


272.611^:^7 





OO+0.02 
^^-0.02 


5 


53 


N 2366 







QO+0.01 

^"^-0.44 


3 


48 


285.45lg9''g7 





QO+0.01 

■^'-'-0.32 


3 


29 


N 2403 


1258. 65lf;^ 


4 


r,o+0.02 

^JO-0.02 


11 


80 


1225.231^:^^ 


3 


07+0.02 
^' -0.02 


9 


29 


N 2841 


2952.36lJ^i^ 


9 


C7+0.06 
^'-0.06 


76 


10 


2405.1811^:;^^ 


7 


'^-0.06 


44 


30 


N 2903 


1985.8lli^;9i 


6 


44+0.05 

^^-0.05 


71 


80 


1998.741^^:1^^ 


6 


/IS+0-05 
4O-0.05 


74 


10 


N 2976 


1000.00l?264^2 


3 


9/1+0.01 
^^-2.34 


8 


05 


698.04111:80 


2 


9R+0.14 
^"^-0.15 


10 


70 


N 3031 


2617.861^2:77 


8 


4o-o.ll 


9 


54 


191.4412^:^ 





f;9+0.10 

"J^-o.io 


22 


80 


N 3198 


632.49l^j^ 


2 


nc,+0.02 
^^0-0.02 


14 


00 


567.72l^:^g 


1 


S/l+0.02 


11 


50 


N 3521 


684.59lf6ji 


2 


99+0.12 
^^-0.12 


6 


14 


562.411^3^:^° 


1 


09+0.11 
°^-0.12 


7 


54 


N 3621 


889.79l?-gg 
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777.46l^:«^ 
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3 


29 


N 4736 
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9R+0.09 
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50 


420. 131^^:°! 
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'J'J-0.09 
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74 


N 5055 
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OI +0.03 
"^-0.03 


5 


09 


399.76l|i^!^ 
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on+0.03 

'-'"-0.03 


15 


80 


N 6946 


1650.37li^;55^ 


5 


qc+0.05 
*^^-0.05 


1 


29 


908.03li^:l7 


2 


04+0.05 
■^^-0.05 


4 


42 


N 7331 


1938.02124;^^ 


6 


98+0.08 
^''-O.OS 
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65 


1505.92123:90 
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00+0. 08 
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29 


60 


N 7793 


1720.651^5^8^31 
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0O-1.16 


10 
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^' -0.05 
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N 925 


612.291}^^° 


1 
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3 
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453.50111:26 


1 


/1 7+0.05 
^'-0.05 


5 
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diet-Salpeter 



TABLE II: Fits for the fixed power n = 1 using the Kroupa and diet-Salpeter mass models. In columns (2) and 
(5) the Rindler acceleration has units of and in columns (3) and (6) in units ^ x 10~^. 



3031 to 4216.82l}{[;;^| for N 4736, whereas the power-law exponent goes from very small values 
(< 0.003) for N 4736 to 3.431q:oq^ for N 2976. For these IMF models the deviations of the Rindler 
parameters are a few orders of magnitude different. In Figs. [1] and [2] we present the contour plots 
of the Rindler parameters (a, n) for 1 and 2 a for both stellar models. 

By comparing both Kroupa and diet-Salpeter fits, the former did much better in 14 (out of 17) 
cases and the later in only 3. However, the goodness-of-fit test does not render acceptable results 
since some galaxies present very high Xred values, and only three of them have fits with Xred ^ ^ 
(all for the Kroupa IMF model). Moreover, by considering only these three best fits, the most 
favored values of a and n are excluded from each other within various standard deviations. 

Now, by comparing the best fits of Tables lU and HIH it is clear that the generalized Rindler model 
fits better for all the galaxies. 
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diet-Salpeter 



TABLE III: Fitted values for the Kroupa and diet-Salpeter stellar mass models -with a power-law (r") 
dependence on the Rindler acceleration. In column (2) and (5) we present the result for the Rindler acceleration (in 
units ^-i^^^n ), in column (3) and (6) we present the power-law value of r". 



C. Fitting the standard and power-law generalized Rindler model with the Free stellar 

model 



We considered a free mass stellar model in which the parameter T^^ is let free and get determined 
as a best fit, together with the Rindler parameters. In the few cases when a bulge was present we 



treated the bulge mass (Mb) as a free parameter too, as described in Ref. [15|. Again, we started 
with the standard Rindler exponent (n = 1) and later considered n free. The results are shown 
in Table llVi The standard Rindler model yields values for a (in cm/s^) varying from less than 
0.1 for N 4736 to UmtoH for N 3521, a difference of two orders of magnitude, and in addition, 
the tsst does not render satisfactory results for some of the galaxies. Then, we considered the 
generalized Rindler model to obtain the "acceleration" parameter ranging from < 10 for N 2366 to 
1902211^1 for N 4736, accounting for a three orders of magnitude difference. On the other hand, 
the power-law exponent varies from < 0.002 for N 3031 to 1.521°;°°^ for I 2574, a difference of two 
orders of magnitude. In Fig. [3] we present contour plots of the Rindler parameters (a,n) for 1 and 
2 cr for both stellar models. 

By comparing both fits (n = 1 vs n 7^ 1), the generalized model did better than the standard 
Rindler model for all the galaxies. Now, comparing the best fits of Tables Hill and HVl i.e., generalized 
Rindler model with Kroupa vs free mass, the results are better in 14 cases (out of 17) for the free 
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mass model. The price paid is that the free stellar model in the generalized Rindler model has a 
variation of the exponent (n) of three orders of magnitude against a variation of only two orders 
of magnitude in the Kroupa model. 



In a very recent work a similar model is considered [2l|] to fit the same eight (out of our seventeen) 
galaxies fixing n = 1 and letting T^, to be free. The authors fitted the following galaxies: N 2403, 
N 2841, N 2903, N 3198, N 3521, N 5055, N 7331, and D 154. However, they have not taken 
into account color gradients nor bulges, as we had, so their conclusions are not expected to be 
identical to ours. They concluded that six of these galaxies tend fit well to the data and that there 
is a preferred Rindler acceleration parameter of around a ~ 3.0 x 10~^ cm/s^; they later fixed this 
acceleration parameter and found acceptable fits for five galaxies, and furthermore, an additional 
free parameter let them to fit two more galaxies. When we analyze these galaxies in our results 
in Table [IV] we reach similar conclusions on the fits (except for N 3521) and to a convergence to a 
similar Rindler acceleration within la confidence level. However, when one adds more galaxies to 
the analysis the spread in the acceleration blows up, as shown in Table HVl 
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TABLE IV: Fits for free mass model. In columns (2), (3) and (7) we present the Rindler acceleration in units of 



cm/s^ X 10"^ and 



kpc'' 



-, respectively. The stellar disk (A/d) and bulge (Mb) masses are given in logio solar 
mass units. 
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D. Comparison of Rindler models with dark matter profiles 



In order to compare the above results with those of standard dark matter profiles we include the 
fittings of the Navarro- Frenk- White (NFW) 28, 29] and Burkert js^] profiles for the Kroupa and 
diet-Salpeter stellar mass models. The results are shown in Tables IVl and IVTl which were extracted 
from our previous work 331] , where we employed the same galaxies and the fits were computed with 
the same technique as in the present work. In general, as found by many authors cored profiles fit 



better than cuspy profiles to the type of galaxies study here, see e.g. Refs [15I420I. l32l. l33l]. This is 
evident from the lower x^cd values for Burkert 's profile in comparison to NFW's for most of the 
galaxies for both stellar mass models. 

To coinp3>rG among th.6 different models we constructed Ta^ble I VIII with, the Xred 

values for NFW, 

Burkert, standard Rindler with n = 1, and generalized Rindler n 7^ 1, for both Kroupa and 
diet-Salpeter stellar mass models. The results are as follows: 



• As expected, the Rindler model with two free parameters (a, n) fits better than the model 
with a single parameter (o, n = 1) for both Kroupa and diet-Salpeter stellar mass models, 
for all galaxies. 

• The standard Rindler model (n = 1) does fit worst than NFW's and Burkert's profiles for 
the Kroupa mass model, and the same trend is observed for the diet-Salpeter stellar model. 
In this later case, the standard Rindler model fits better than NFW and Burkert only for one 
galaxy (N 3521), and it fits better than Burkert for one galaxy (N 3621), and it fits equally 
well than NFW for two galaxies (N 6946 and N 7331). 

• Considering the generalized Rinder model (n 7^ 1) for the Kroupa stellar mass model the fits 
are better than the standard Rindler model, since one now has two degrees of freedom. This 
model fits better than both NFW and Burkert models for four galaxies (N 2841, N 2976, N 
3521, and N 3621) and, in addition, it does fit better than NFW for four galaxies (IC2574, 
N 5055, N 7331, and N 925) and better than Burkert for one galaxy (N 7793) and it fits 
equally well as one galaxy (N 3031). In all other cases, however, 20 of the 34 possibilities, 
NFW and Burkert profiles for the Kroupa stellar mass model fit better than the generalized 
Rindler model: The NFW profile fits better for 9 galaxies (out of 17) than the generalized 
Rindler model and Burkert's profile achieves a better fit for 11 galaxies (out of 17). 

• The generalized Rindler model (n 7^ 1) for the diet-Salpeter stellar mass model results are 
slightly better than the Kroupa's model: The model fits better than both NFW and Burkert 
models for five galaxies (N 3031, N 3521, N 3621, N 6946, and N 925) and, in addition, it 
fits better than NFW for three galaxies (IC2574, N 5055, and N 7331), but it does not fit 
better for any other galaxy with Burkert's profile. Taking into account all the other cases, 
however, 21 of the 34 possibilities, NFW and Burkert profiles for the diet-Salpeter stellar 
mass model fit better than the generalized Rindler model: The NFW profile fits better for 9 
galaxies (out of 17) and Burkert profile achieves a better fit for 12 galaxies (out of 17) than 
the generalized Rindler model. 

For completeness, in Fig. (jj]) we show rotation curves of three galaxies (N 2841, N 3621, N 6946) 
as examples of typical fits for the standard (n = 1) Rindler model and its comparison with NFW 
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and Burkert profiles. For some of the galaxies (e.g. N 2841), the rotation curve linear term, given 
by Eq. Hloverestimates the external rotational curve given rise to bad fits, a point that was warned 
in Ref. [J] and also discussed in Ref. 211]. On the contrary, it is argued, e.g. in Ref. 20|, that 
rotation curves tend to slowly decrease after a few optical radius. 
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TABLE V: Fitted parameter values for the NFW and Burkert profiles with a Kroupa mass stellar model. 



As we showed in Refs. 



32 



33| . the BDM profile fits even better or at least equally well than 



Burkert's and NFW's for the same galaxies considered here, but in order to avoid multiple com- 
parisons that may be cumbersome, we have not included the BDM profile results here that are 
extensively discussed elsewhere 33|] . By considering alternatives to dark matter profiles one would 
desire to accomplished a better phenomenology, as the BDM model does, but the Rindler modified 
gravity does not. 



VI. CONCLUSIONS AND FINAL REMARKS 



We have tested the idea that a modification of the Newtonian potential stemming from a Rindler 
acceleration that modifies gravity, as proposed by Ref. 0], would account for the dark matter 
content in spiral galaxies. The theory yields an effective new term in the theoretical rotation curve 
of the form v^{r) = T*f^ + '^g "I" ^^l^l") where the last term would replace the contribution of the 
dark matter profile. 
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TABLE VI: Fitted parameter values for the NFW and Burkert profiles with a diet-Salpeter mass stellar model. 



We have made use of the HI data provided by THINGS [14l |. which possess hig h resolution 
velocity fields of rotation curves that are ideal to test new dark matter profiles 32, l33|] or, as in the 
present work, new gravity models. We have considered the gas component that is computed by 
integrating its surface brightness as in the standard Newtonian theory, three stellar mass models 
(Kroupa, diet-Salpeter, and free mass), and the standard Rindler model (n = 1) and a generalized 
power-law (n free). 

The results of the fits are shown in Tables Ull IIIH and IIVI for three stellar mass models for both 
Rindler models, n = 1 and n— free. We showed, in section IV AI that the fits for n = 1 are poor, 
since most of the Xred bigger than unity. However, the most important problem is the Rindler 
acceleration parameter does not converge to a single value. The computed parameter is in the 
interval 0.93^044 < a < 9.57tQQg in Kroupa's model, to account for a difference of an order of 
magnitude, whereas 0.62^q}q < a < 7.79^QQg in diet-Salpeter's model, in a similar fashion as in 
the previous model. In each stellar mass model the uncertainties in the Rindler acceleration are 
small and they could not account for such a big spread in the intervals of a. 

When the power-law parameter n is set free, see Sec. IV Bl and Table illll the fits become better, 
and by comparing them Kroupa's did much better in 14 (out of 17) cases than diet-Salpeter's. 
However, the goodness-of-fit test does not render acceptable results since some galaxies present 
very high Xred values. Moreover, they again suffer from a broad spread in the determination 
of the Rindler parameter values, as shown in the contour plots Fig. [TJ For Kroupa's model 
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Goodness-of-fit comparison table 
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74 


1.35 


5 


64 


2.54 


5 


72 


2.30 



diet-Salpeter 
NFW Burkert Rindler Rindler 



TABLE VII: Summary of the Xred values for the different profiles with the Kroupa and diet-Salpeter stellar mass 

models. 



I -I r7A _1_01 1 QQ 

the parameters are 77.96„^'75 < a < 32294. 30_2i2'oi ' accounting for two orders of magnitude in 
difference and 0.002 ~ n < 2.14^0044 tliat yields a three orders of magnitude difference. For 
diet-Salpeter parameters the spreads are similar. 

When the mass-to-light ratio is set free, see Sec. IV CI and Table \TV\ the fits are better than 
previous models when n is a free parameter, but again the spread in parameters is high: 10 a < 
190221}^^, accounting for a three orders of magnitude difference and 0.002 ~ n < 1.52^0009, a 



difference of two orders of magnitude, see also Fig. [3l A very recent work 2l|] considers the same 
problem and using the same eight (of our seventeen) galaxies for the standard Rindler model {n = 
1), concluding that for six galaxies their results tend to converge to a single Rindler acceleration 
parameter. In our case, we observe this evidence too but when one takes into account more galaxies 
or other stellar galactic models their conclusions do not hold. 

Finally, we have compared our previous results with two standard dark matter profiles, one cuspy 
(NFW) and one cored (Burkert), see Tables IVl Wl\ and IVIll The goodness-of-fit test favors firstly 
Burkert and then NFW profiles over Rindler's modify gravity. The tendency is clearer for the 
standard Rindler (n = 1) that fits worst than both NFW's and Burkert's profiles for the Kroupa 
and diet-Salpeter stellar mass models. The generalized Rindler model (n 7^ 1) for the diet-Salpeter 
stellar mass model results are slightly better than the Kroupa's model, but still the NFW profile 
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fits better for 9 galaxies (out of 17) and Burkert profile achieves a better fit for 12 galaxies (out of 
17) than the generalized Rindler model. 

The overall conclusion is that although the Rindler modified gravity fits are achievable for the 
considered galaxies, in many cases they show high Xred ^^-lues, and a high spread in the Rindler 
parameters (a, n) that points for an inconsistent model. Furthermore, the standard dark matter 
profiles (NFW and Burkert) or the alternative BDM model do a better job to fittings of the rotation 
curves. 
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FIG. 1: 2D likelihood contours between the a and n, corresponding to la and 2a, for the Kroupa IMF model. 
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FIG. 2: 2D likelihood contours between the a and n, corresponding to la and 2a, for the diet-Salpeter IMF model. 
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FIG. 3: 2D likelihood contours between the a and n, corresponding to la and 2a, for the free mass model. 
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FIG. 4: Rotation curve for the galaxies N 2841, N 3621, N 6946. We explicitly plot the contribution of the gas 
(dotted, black), the Kroupa star model (dashed, black), the red/green plots are the NFW/Burkert DM halo profile 
and its total contribution (dashed and thick lines, respectively), and finally the blue line is the total rotation curve 

of the standard {n = 1) Rindler acceleration model. 



